The temperature dependence of the conductance of a quantum point contact has been measured. The conductance as a function of the Fermi energy shows temperature-independent fixed points, located at roughly multiple integers of e 2 /h. Around the first fixed point at e 2 /h, the experimental data for different temperatures can been scaled onto a single curve. For pure thermal smearing of the conductance steps, a scaling parameter of one is expected.
quantum point contact, and of the source-drain bias voltage. We relate our results phenomenologically to the metal-insulator transition in two dimensions.
PACS numbers: 73.23.Ad, 85.30.Hi, 71.30.+h Typeset using REVT E X Conductance quantization in short, quasi one-dimensional wires [1, 2] ("quantum point contacts"-QPCs) has been widely investigated since its discovery. Meanwhile, QPCs have become a key device for transport experiments in low-dimensional systems. [3] Recently, QPCs have experienced renewed interest in relation to the metal-insulator transition (MIT) in two dimensions [4] : it has been suggested that near the fixed point of the MIT, which typically occurs at a conductance of G ≈ e 2 /h, the carrier gas segregates into conductive puddles [5] , which are connected via quantum point contacts. [6] Within such a percolation picture, a statistical ensemble of QPCs determines the transport properties of the inhomogeneous carrier system, since the applied external voltage drops predominantly across the QPCs. Of particular importance is the fixed point in the temperature-dependent conductance of QPCs at e 2 /h, which enters in the more general discussion of the quantum percolation model of Ref. [6] and, within this model, corresponds to the fixed point of the metal-insulator transition in the two-dimensional carrier gas. This is our motivation to study in detail the temperature dependence of the conductance of a single QPC, as the elementary unit of such a quantum percolation network, around this fixed point. Theoretically, one expects that the conductance G(µ, T ) of a spin-degenerate QPC as a function of the chemical potential µ and the temperature T, is independent of temperature at G = ne 2 /h, with n being an integer. These fixed points separate regions (2n − 1)e 2 /h < G < 2ne 2 /h, in which G decreases as T is increased, from regions 2ne 2 /h < G < (2n + 1)e 2 /h, where G increases as T is increased.
In a simple picture, G(µ, T = 0) can be modelled by a sum of step functions. For the fixed point lowest in energy, n = 1, we obtain
Here, f is the Fermi function, and E 1 is the energy of the first one-dimensional subband. Furthermore, we have assumed that the voltage drop across the QPC is small compared to k B T . Since within this model, G(µ, T ) has the shape of a Fermi function, the temperature-dependent conductance traces obtained for fixed µ can be scaled onto a single The temperature dependence of the conductance quantization in QPCs has been addressed in several experiments, [7] [8] [9] [10] [11] [12] [13] in particular with respect to the so-called "0.7-feature". [12, 13] To our knowledge, the fixed point at G = e 2 /h and the temperature dependence around it has not been investigated yet. However, fixed points have been detected occasionally, while the observed behaviors around these fixed points vary greatly and definitely differ from the expectation expressed by eq. (1). Yacobi et al., [11] , for example, observe a fixed point at G = 1.5e 2 /h only, around which the metallic and the insulating phases appear reversed.
This anomaly probably originates in the observed non-universal conductance quantization.
Thomas et al. [12] , observe fixed points at G = 3e 2 /h and G = 2e 2 /h, but not at G = e 2 /h, which is possibly destroyed by the 0.7-feature.
In the present paper, we report the observation of a series of clear fixed points (n=1. . . 5) in a QPC. We investigate G(µ, T ) around the fixed point at G ≈ e 2 /h in further detail. G(µ, T )
can be scaled reasonably well onto a single curve. The scaling parameter α, however, is significantly larger than 1 (the value assumed in Ref. [6] ), and increases monotonically as the source-drain bias voltage is increased. Possible implications for describing the MIT in 2 dimensions in terms of a quantum percolation model are discussed.
The sample is a Ga[Al]As heterostructure, grown by molecular beam epitaxy, with the 2DEG 34 nm below the surface. The QPC is defined by local oxidation with an atomic force microscope [14] (insets in Fig.1 ). The lithographic channel width is 80 nm, and its length is given by the width of the oxide lines, i.e., 140 nm. The QPC can be tuned by voltages Probably, they are due to imperfect adiabatic coupling between the QPC and the reservoirs, or due to nearby scatters. At temperatures below 1K, the shapes of the steps are independent of temperature (not shown), indicating that the smearing of the steps is not solely determined by temperature.
We therefore model the QPC potential by a parabolic saddle point potential, [15] i.e.
y y 2 ; V 0 is the potential energy of the saddle point, m * the effective electron mass, and ω x denotes the curvature of the saddle point potential in transport direction. Using this model is justified since in the following, we focus on the
The transmission T(ǫ) for the lowest one-dimensional subband can be written as [15] T
Here, E denotes the energy of the incident electrons. Since the separation of the conductance plateaus corresponds tohω y in energy, we can estimate the lever arm inside the QPC and in the regime of the first conductance step to
≈ 50 meV/V, which we use to transform V tg into energy. In the limit of V b = 0 and for negligible temperatures, the width of the step edge corresponds tohω x . Hence, we can estimatehω x ≈ 2 meV from Fig. 1 .
We proceed by studying the "metal-insulator transition" around G = e 2 /h in more detail (Fig. 2) . As V b is increased, the fixed point remains well-defined and shifts to smaller conductances. In addition, the step edge broadens significantly. In the insets of Figs. 2a and 2b, we show the best scaling achieved with the scaling variable |δ|/T α , using α as a parameter. Scaling of the experimental data works well, although worse than for many two-dimensional systems showing an MIT. [16] The scaling parameter α, however, is larger than 1 and increases as V b is increased. We estimate the error of α to δα ≈ ±0.3 at small V b , which increases for higher bias voltages. Thus, the MIT is clearly not solely determined by thermal smearing, as eq. (1) suggests.
In order to understand the origin of the step edge slope and the experimental scaling parameter in more detail, we consider a simple model, which includes thermal smearing, the potential landscape in transport direction, described by ω x , and the bias voltage V b . We therefore follow Ref. 8 and model the current I by
where T (ǫ) is given by eq. (2), and use ω x as a parameter in order to obtain agreement with the experiment (Figs. 2c and 2d) . With eq. (3), we can describe the experimental results, provided we allow ω x to decrease as V b is increased. Such an effect is quite reasonable, since the potential drop in transport direction is superimposed to the saddle point potential, which may result in a reduction of the curvature ω x at the saddle point. Furthermore, we have assumed in the model that ω y is independent of V b , as observed experimentally, i.e. the separation of the steps in V tg does not depend on V b . Also, our model does not make any assumptions on how the voltage drops along the QPC. [17] The conductance traces obtained from eq. (3) no longer scale exactly onto a single curve (Figs. 2c, d) . However, the scaling analysis not only allows us to express the behavior around the fixed point in terms of a single parameter, but also shows that the imperfect scaling of the experimental data can be expected from models differing from the oversimplified one described by eq. (1).
The insets in Fig. 2 show the scaled data (scaling functions) of the main figures. As V b increases, ω x has to be reduced in order to obtain agreement between the scaling parameters in the experiment and in the model. This behavior is more clearly shown in The model developed by Meir in Ref. [6] describes the recently observed metal-insulator transition (MIT) in two dimensions in terms of a network of quantum point contacts with statistically distributed conductances. This network can be thought of being composed of two characteristic conductances, a metallic one (σ m ), and an insulating one (σ i ), which determine the scaling behavior of the network around the percolation threshold. Thus, this
model cannot be applied to the MIT at a single QPC, as investigated in our experiment.
Nevertheless, our results are related to Meir' s model, since they demonstrate that the shape of the saddle potential influences σ m and σ i . Within a simple approximation, however, a connection between the MIT on a QPC and that one in a disordered two-dimensional carrier gas can be made. In the case of a disordered system consisting of conductive puddles, connected by identical QPCs, scaling parameter obtained experimentally from scaling the MIT of the disordered system is directly related to ω x . It is the characterizing parameter for the connections between the puddles (note that within our simple model, the macroscopic voltage drop measured corresponds to the voltage drop across a single QPC, except for a geometry factor).
The samples which perhaps come closest to such a scenario are those studied by Ribeiro et al. [18] There, self-assembled quantum dots are embedded in the plane of the electron gas.
The dots, which act as repulsive scatterers, have a diameter of only 30 nm, a separation of ≈ 80 nm on average, and are very homogeneous in size. It is thus quite possible that between the self-assembled dots, QPCs are formed, in which only the lowest subband is occupied. Analyzing the MIT observed in these disordered samples gives α = 2.6 at small bias voltages, [18] which, within our model, corresponds to a realistic value ofhω x ≈ 3.5
meV.
In summary, we have observed a sequence of fixed points in a single quantum point contact. The scaling behavior of the temperature dependent conductance around the fixed point in the lowest subband has been studied, and significant deviations from simple Fermi function scaling have been found. Besides temperature, the scaling parameter is also determined by the potential shape of the QPC in transport direction, which we have quantified by the curvature ω x , and by the source-drain voltage. Our experiment and analysis suggests that in order to further check the validity of Meir's model, an artificial, random network of quantum point contacts should be studied, which has become feasible by using lithography with an atomic force microscope.
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